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Outline 

  Compelling questions in spin physics? 

  Existing Measurements and the QCD global analysis 

  Is the ΔG or ΔG(x) really small?   

  What is the consequence if  ΔG ~ 0? 

  What could be done to better determine ΔG? 

    – experimentally  vs  theoretically 

  Summary and outlook 
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Compelling questions in spin physics 

  Research plan for spin physics at RHIC – 2005: 

  How do gluons contribute to the proton spin? 

  What are the patterns of  up, down, and strange quark  

    and antiquark polarizations? 

  What orbital angular momenta do partons carry? 

  What is the role of  transverse spin in QCD? 

  Status and Prospects – 2007, Plans – 2008: 

  How do gluons contribute to the proton spin? 

  What is the flavor structure of  the polarized sea in the nucleon? 

  What are the origins of  transverse-spin phenomena in QCD? 

  The first milestone of  RHIC spin program: 

Determine the value of  ΔG(x) or ΔG! 
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Why ΔG is so special? 

  So-called proton “Spin crisis”: 

In late 1980, EMC extended spin structure function g1(x)  

measurement to low x, and found that the net quark helicity  

contribution to proton’s spin is only 10-20 %  

A contradiction to the Quark Model prediction – “spin crisis”  

  One possible solution to “Spin crisis”: 

Quark helicity: ∆q ∝ �p, s|ψ(0)γ+γ5ψ(0)|p, s�

Total quark helicity: 

Measured quark helicity: 

Σ(Q2) =
�

q

�
∆q(Q2) +∆q̄(Q2)

�

Σ(Q2) = Σ(Q2)true −Nf
αs(Q2)

2π
∆G(Q)

γ+γ5

Anomaly contribution with a large ΔG cancels 
the true quark helicity 
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Proton spin in QCD 

  Proton spin and Ji’s sum rule: 

  QCD Angular momentum operator: 

Angular momentum density 

Energy-momentum tensor 

  Quark angular momentum operator: 

  Gluon angular momentum operator: 

Gluon angular 
momentum 
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Gluon contribution to proton’s spin 

  Gluon angular momentum: 

Jg(µ
2) =

�
d3x�P, s|�x× ( �E × �B)|P, s� ≡ ∆G(µ2) +

�
Jg(µ

2)−∆G(µ2)
�

Transverse motion Helicity 
  Asymptotic limit (Ji): 

Jq(µ
2 → ∞) → 1

2

3Nf

16 + 3Nf
Jg(µ

2 → ∞) → 1

2

16

16 + 3Nf

If  ΔG is very small, total gluon angular momentum comes  
from its transverse motion! 

  Gluon TMD parton distribution: 

fg/h↑(x,k⊥,�s) ≡ fg/h(x, k⊥) + fSivers
g/h↑ (x, k⊥)�s · (p̂× k̂⊥)

fSivers
g/h↑ (x, k⊥)

SIDIS = −fSivers
g/h↑ (x, k⊥)

DY

Moment of  Sivers function         three-gluon correlation functions 
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QCD global analysis - I 

  DSSV – 2008: 

  Hirai-Kumano – 2008: 
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QCD global analysis - II 

  DSSV: 

Has a node 
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QCD global analysis - III 

  HK: 

Without a node! 
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QCD global analysis - III 

  HK: 

With current data accuracy, large bias on the functional form 
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Comparison with RHIC data 

  DSSV: 
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Comparison with DIS data 

  DSSV: 

�p → h+X �p → h+ + h− +X
  Observables: 

Data was not  
in the analysis 
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Current “conclusion(s)” on ΔG 

  Anomalous gluonic contribution: 

Σ(Q2) = Σ(Q2)true −Nf
αs(Q2)

2π
∆G(Q)

Need ΔG ~ 1.5 – 2, which is unlikely   

  Gluonic contribution to proton spin: 

Jg(µ
2 → ∞) → 1

2

16

16 + 3Nf
∼ 1

4

Might be ruled out by DSSV based on RHIC data:   

But, not by Hirai and Kumano yet: 

“without gluon orbital” 
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Comments and questions 

  Comments: 

  Questions: 

  Experiments measure hadronic or leptonic cross sections,  
     NOT quark or gluon distribution functions or helicity distributions  

  Size of  collinear quark/gluon distributions or helicity distributions 
     is “SCHEME” sensitive – artifact of  collinear factorization 
     – pQCD calculation is still consistent if  F2 has no gluon part 

  Is getting a number for ΔG the goal of  our ΔG program?    

we may never get the number to our satisfaction since the 
formula that we use to extract it does not valid for low and high x 

  What about ΔG(x)?    

It provides much richer information on QCD dynamics than ΔG 
It is the G(x), NOT the gluon momentum fraction G, got us excited  
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What the RHIC data try to tell us? 

  The fact: 

ALL for inclusive jet or pion production at high pT at RHIC is small 

  Implication: 

ΔG(x) is small in the x-range sensitive to the kinematics of  data 
if  one applies the leading twist pQCD factorization formula   

  Cautions: 

pQCD expression for the hadronic cross section is much more than 
the beautiful leading power factorized formula 

What data really says:  the difference of  two cross sections with 
spin flipped is much smaller than the cross section itself  

dσAB→HX =
�

abc

φa/A ⊗ φb/B ⊗ dσ̂ab→c ⊗ φc→H + ...
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Hadronic cross sections in QCD 

  Theorists’ view of  cross section: 

  Predictive power: 

Short-distance dynamics, PDFs, and FFs 

σ(Q,�s) ∝ + + + · · ·

2

p,�s k

← t ∼ 1/Q

  Large momentum transfer simplifies the picture: 

Single hard scale       Leading power       Collinear factorization  

σ(2)
AB(Q,�s) = σ̂ab(x, x

�, Q)⊗ fa/A(x,Q,�s)⊗
�
fb/B(x

�, Q)⊗ · · ·
�

σAB(Q,�s) ≈ σ(2)
AB(Q,�s) +

Qs

Q
σ(3)
AB(Q,�s) +

Q2
s

Q2
σ(4)
AB(Q,�s) + · · ·

Any number of  partons could participate in the collision 

It worked beautifully – great success of  QCD! 
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Leading power QCD vs DIS data 
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Leading power QCD vs hadronic jet data 

Highest ET jet! 
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Challenges 

It is great for establishing QCD as the theory for strong interaction 

  Success of  leading power (twist) QCD: 

It is also boring as far as nonperturbative QCD physics is concerned 

  Moving beyond the local density?  

σ(Q,�s) ∝ + + + · · ·

2

p,�s k

← t ∼ 1/Q

σAB(Q,�s) ≈ σ(2)
AB(Q,�s) +

Qs

Q
σ(3)
AB(Q,�s) +

Q2
s

Q2
σ(4)
AB(Q,�s) + · · ·

 Too large to compete? 

  Difference of  cross sections - AN:  the leading power cancels 

  Low-x physics:  “long-range” coherence – every term is important 
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Another caution 

Success of  leading power calculation for a cross section  
does NOT guarantee a success for calculating the  

difference of  two cross sections 

σAB(Q,�s) ≈ σ(2)
AB(Q,�s) +

Qs

Q
σ(3)
AB(Q,�s) +

Q2
s

Q2
σ(4)
AB(Q,�s) + · · ·

When the leading power contribution is almost canceled,  
the subleading power contribution can no longer be neglected! 

d∆σ(p, s�) = µν+ +...µν
i�µν i�µνγ

α

dµνγ
αγ5

Could be of  few % of  cross section 
But, not sure about the sign? 
This is process dependent! 

Percent! 
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Possibilities 

Could indicates that ΔG(x) is small for the x-range 

How to confirm that? 

  Small ALL of  inclusive jet/pion production: 

Measure ALL of  observables having different dependence on ΔG(x) 

ALL|jet/pion ∝ ∆G(x)⊗∆G(x�)

Size of  subleading power contribution is process dependent  

  Possibilities at RHIC (of  course at EIC as well): 

  Inclusive high pT direct photon (or low mass Drell-Yan) 

  Photon – jet correlation 

  Charm to cover different x-range 

  J/ψ to have very different power corrections 

  … 
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Opportunities 

It is dominated by                              Compton subprocess,  if  ΔG(x)  
is sufficiently large 

  Direct photon: 

q + g → γ + q

ALL ∝ gp1(x)⊗∆G(x�) + x ↔ x� + ...

We know something about this one 

  J/ψ (My talk at RBRC workshop on CGC): 

The production seems to be dominated by the heavy quark pair  
with axial vector charge for spin averaged production 

Can this be held for the longitudinally polarized cross section 
or asymmetries? 

Work assignments for the BNL Spin Summer Program! 
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Summary and outlook 
  QCD global analysis of  existing data indicates that  
     ΔG is unlikely to be larger than 1.5 - 2  

  However, existing data are not sufficient to say 

∆G � 1/4 The asymptotic value for gluon angular momentum 

  Knowledge of  ΔG(x) is clearly much more interesting  
    and important than one number ΔG! 

  RHIC Spin Program provides unique opportunities to 
     explore QCD dynamics in a regime where we have not 
     been able to do before, or near future  

It was the G(x), not momentum fraction G, that got people excited! 
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Thank you! 
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Backup slices 


